In determining the etched track rate in solid-state nuclear track detectors, track lengths should be determined accurately. A method based on surface profilometry is proposed to determine the track lengths in CR-39 detectors through measurements of their replicas. Tracks from alpha particles with an incident energy of 4 MeV have been chosen to demonstrate the method. After irradiation and chemical etching, resin replicas were made from the tracks, of which the heights were measured by the Form Talysurf PGI Profilometer. The results showed that the surface of the replicas were smooth and the heights of the replicas were uniform, so the replicating fluid should have filled the tracks completely and the replicas truly reflected the dimensions of the tracks. The heights of the replicas were conveniently determined from the lateral view of the replicas generated by the Form Talysurf PGI Profilometer.
INTRODUCTION
Solid-state nuclear track detectors (SSNTDs) have found applications in different branches of science. Many researches have been devoted to understanding the mechanisms of track growth in SSNTDs. The most widely accepted track growth model involves two etch rates, namely, the etched track rate V t (i.e. along a track in the SSNTD) and the bulk etch rate V b (i.e. in undamaged areas of the SSNTD). All proposed methods for track growth should be tested with experimental data including, e.g. the track-opening diameters and the track lengths.
Measurements of these alpha track parameters are usually performed by optical methods. Although measurements of track-opening diameters are relatively straightforward, direct measurements of track lengths are relatively difficult. One approach involves the breaking of SSNTDs to reveal the lateral images of the tracks for direct measurements (1) and another involves the use of confocal microscopy (2) . In the present work, we propose a new method based on surface profilometry to determine the lengths of tracks in CR-39 detectors through measurements of their replicas. The replicas are required because of the geometry of the stylus of the surface profilometry equipment which may prevent the stylus from reaching the bottom of the tracks.
METHODOLOGY
For the sake of demonstrating the applicability of surface profilometry in revealing the lengths of alpha tracks in the CR-39 detectors, only alpha particles with an incident energy of 4 MeV and with normal incidence on the detectors are studied. The CR-39 detectors used in the present study were purchased from Page Mouldings (Pershore) Limited (Worcestershire, England). The original dimensions of a sheet of the detector are 30 Â 47 Â 0.1 cm (thickness). The detectors for our studies were cut to a size of 1.5 Â 1.5 cm 2 . The CR-39 detectors were irradiated with alpha particles with an energy of 4 MeV under normal incidence through a collimator. The alpha source employed in the present study was a planar 241 Am source (main alpha energy ¼ 5.49 MeV under vacuum). Normal air was used as the energy absorber to control the final alpha energies incident on the detector. A relationship between the alpha energy and the air distance travelled by an alpha particle (with initial energy of 5.49 MeV from 241 Am) was therefore needed. This relationship was obtained by measuring the energies for alpha particles passing different distances through normal air using alpha spectroscopy systems (ORTEC Model 5030) with Passivated Implanted Planar Silicon (PIPS) detectors of areas of 300 mm 2 . After irradiation, the detectors were etched in a 6.25 N aqueous solution of NaOH maintained at 70 C in a water bath for 15 h, which was the normally employed etching time. The detectors were then taken out from the etchant, rinsed with distilled water and dried in air. A plastic mould in the form of a cylindrical cup with a detachable bottom was used to prepare the resin replicas using Buehler fast cure epoxy (41 Waukegan Rd, Lake Bluff, IL 60044, USA). and Buehler Epo-Kwick hardener (No. 20-8138-032) with the mass ratio of 5:1, and was poured into the mould. After drying for more than 10 h, the mould was detached. The CR-39 detector was then removed from the resin after sawing along some edges of the CR-39 detector, leaving behind the replicas of the tracks protruding from the resin surface.
The track lengths were then measured by the Form Talysurf PGI Profilometer (Taylor Hobson, Leicester, England), which is a contact stylus instrument based on a Phase Grating Interferometric (PGI) transducer. The PGI transducer is within a gauge and converts the movements of the stylus into an electrical signal. This type of transducer employs a laser diode in conjunction with a fine optical grating to detect very small movements of the stylus and provides a high-resolution output of both amplitude and direction. During measurements, the stylus was set to scan the studied surface many times to ensure that the stylus would pass across any one track at least 10 times.
RESULTS AND DISCUSSION Figure 1 shows the three-dimensional (3D) SEM image (viewing directly from above) of replicas of tracks resulted from normally incident 4 MeV alpha particles and 15 h etching. Figure 2 shows the 3D SEM image of the same replicas with the stage inclined at 40
. From Figures 1 and 2 , we can see that the surfaces of the replicas are smooth and the heights of the replicas are uniform (the latter also observed from surface profilometry measurements). Therefore, we are confident that the replicating fluid has filled the tracks completely and the replicas can truly reflect the dimensions of the tracks. This is also proved by the optical microscopic image shown in Figure 3 showing the cross sections of the tracks with the dried replicating fluid inside. The replicas of the tracks are shown clearly, and the replicating fluid is shown to fill the tracks completely. Figure 4 shows the (2D) image of the replicas recorded by the Form Talysurf PGI Profilometer. The dimensions as well as the lengths of the tracks are conveniently read from the figure. Again, we can see from Figure 4 that the heights of the replicas are very uniform. The Form Talysurf PGI Profilometer can also generate the lateral view of the replicas. An example is shown in Figure 5 . It is even easier to determine the heights of the replicas from this view. From Figure 5 , the heights of the replicas are 16 mm. The theoretical range of 4 MeV alpha particles in the CR-39 detector is 20.75 mm. The V b of the present etching was 1.2 mm h À1 (3) . With this V b and the V t function given by Durrani and Bull (4) , the track development model of Nikezic and Yu (5) gave the track length as 15.34 mm, which agrees with the experimental value. The above procedures have demonstrated the convenience to measure the track lengths by surface profilometry measurements using replicas of the tracks. As protruding objects are being measured, the track lengths will not be distorted due to artefacts produced by the geometry of the stylus of the surface profilometry equipment. To obtain the required V t function, replicas from tracks formed by alpha particles with different incident energies have to be measured.
